Differential changes in brain glucose metabolism during hypoglycaemia accompany loss of hypoglycaemia awareness in men with type 1 diabetes mellitus. An Abstract Aims/hypothesis: Hypoglycaemia unawareness in type 1 diabetes increases the risk of severe hypoglycaemia and impairs quality of life for people with diabetes.
Introduction
In healthy humans, brain glucose supply is maintained by an efficient homeostatic system, which keeps blood glucose concentrations in a narrow range, sufficient to support normal brain function (>3 mmol/l) [1] . Incipient hypoglycaemia triggers a cascade of protective responses, including suppression of endogenous insulin, stimulation of glucagon secretion and sympatho-adrenal activation, increasing endogenous glucose production and reducing glucose disposal to restore normoglycaemia [2, 3] . Patients with type 1 diabetes who self-administer insulin frequently experience hypoglycaemia, as insulin levels are determined by their injection regimen and glucagon responses to hypoglycaemia are lost early in the disease [4] . Their main defence against progressive hypoglycaemia is subjective recognition of symptoms such as sweating, tremor and hunger that prompts eating [5] . However, a significant number of patients lose their ability to generate or recognise the symptoms of developing hypoglycaemia [6, 7] , developing a syndrome of hypoglycaemia unawareness in which there are no warning symptoms of hypoglycaemia prior to cognitive dysfunction [1] , but rapid progression to severe hypoglycaemia with confusion, coma and increased risk of further severe hypoglycaemia [8] . Fear of severe hypoglycaemia limits patients' enthusiasm for the tight glycaemic goals known to protect against diabetic complications and is a limiting factor in achieving good diabetes control [9] .
Hypoglycaemia unawareness is associated with delayed onset and reduced magnitude of the neuroendocrine responses to a falling blood glucose [1, 10, 11] . The failure of neuroendocrine activation and symptom perception in hypoglycaemia unawareness is inducible, and reversible, by prior exposure to, and avoidance of, episodes of hypoglycaemia [e.g. [12] [13] [14] [15] [16] . Although the mechanisms are unknown, central nervous system detection of the falling blood glucose concentration and initiation of centrally mediated responses are important and attention has focused on changes in cerebral metabolism in hypoglycaemia. Animal data suggest that prior hypoglycaemia upregulates blood-tobrain glucose transport [17, 18] , limiting the fall in neuronal glucose uptake and metabolism during subsequent hypoglycaemia with failure to trigger counterregulation. In man, studies measuring brain arteriovenous differences have shown preservation of brain glucose uptake with attenuation of the hormonal counterregulatory response during acute hypoglycaemia in models of hypoglycaemia unawareness [19, 20] . However, other studies have shown no robust preservation of cortical function in hypoglycaemia unawareness [1, 21, 22] , and positron emission tomography (PET) neuroimaging studies have not found evidence for increased brain glucose extraction in acute hypoglycaemia in models of counterregulatory failure [23, 24] . A recent study using magnetic resonance spectroscopy has demonstrated increased glucose content in hypoglycaemia-unaware subjects compared with non-diabetic subjects under conditions of hyperglycaemia (16.7 mmol/l); however, aware diabetic subjects were not studied, nor were conditions of hypoglycaemia explored [25] .
The majority of PET neuroimaging studies use [
18 F]-fluorodeoxyglucose (FDG) as the tracer to model glucose kinetics [26] . FDG is transported and phosphorylated as native glucose, but calculation of glucose uptake and metabolism requires the use of correction factors for each process merged into a lumped constant. Hypoglycaemia affects the correction factors needed in uncertain ways and the calculation of metabolic rate is difficult to estimate at low glucose concentrations with FDG [27] . We set out to examine brain glucose transport in euglycaemia and hypoglycaemia in diabetic men, with PET using 11 C-labelled 3-O-methyl-D-glucose (CMG), a glucose tracer transported in and out of the cell similarly to glucose, but which is not further metabolised. As there is only a single step involved, the calculation of intracellular glucose concentration (content), rate constants for glucose transport (transport) and, indirectly, glucose phosphorylation (metabolism) are more robust at different glucose concentrations [28] [29] [30] . We measured global and regional brain glucose content, transport and metabolism during euglycaemia and hypoglycaemia in hypoglycaemia-aware and -unaware type 1 diabetic men, to examine the brain's glucose metabolic response to hypoglycaemia in the different states of awareness.
Subjects, materials and methods

Subjects
Twelve men with type 1 diabetes, six of whom had reduced awareness of hypoglycaemia, were recruited (Table 1) . Patients were classified as hypoglycaemia unaware if they (1) reported hypoglycaemic episodes without symptoms; (2) had a history of severe hypoglycaemia in the last 2 years; and (3) had documented more than three episodes of hypoglycaemia (less than 3.5 mmol/l) in the absence of symptoms in 56 blood tests made at home over a 2-week period just prior to each study. Patients were classified as hypoglycaemia aware in the absence of the above features [1, 31] . The 56 home blood tests were requested by the study protocol and, in order to be able to make a valid comparison between the hypoglycaemia experience of all subjects, 
Methods
Subjects were studied twice with a CMG PET scan within a 2-to 8-week period of stable glycaemic control. One scan was conducted during controlled normoglycaemia (plasma glucose 5.0 mmol/l), the other during controlled hypoglycaemia (2.6 mmol/l). The order of the scans was randomised and the subject was blinded to the plasma glucose concentration. On one further occasion, subjects attended for a T1-weighted magnetic resonance image of the brain to co-register with the PET images for anatomical definition. This scan was performed without clamping or specific glucose control. Subjects were admitted to the unit the night before each PET scan at 20.00h, having eaten dinner and taken their short-acting, but no background, insulin. An intravenous cannula was placed in the antecubital fossa of the dominant arm using aseptic technique and intradermal 1% lignocaine for anaesthesia. The cannula was kept patent with a slow saline infusion and used for intermittent blood glucose sampling and infusion of soluble insulin. The insulin infusion was adjusted to maintain plasma glucose between 4 and 9 mmol/l. Subjects fasted from 22.00h.
The following morning, the subject was taken to the Clinical PET Centre and familiarised with the scanning room. After checking for a collateral circulation, a radial arterial catheter for blood sampling was placed in the nondominant hand, using aseptic technique and 1% lignocaine. A primed continuous infusion of short-acting insulin (Human Actrapid; Novo Nordisk, Copenhagen, Denmark) in a 4% solution of autologous blood was started through the venous line with a maintenance rate of 1.5 mU kg
. Arterial plasma glucose was measured every 5 min and maintained at 5 mmol/l for 1 h using a variable 20% glucose infusion (Baxter Healthcare, Thetford, UK) [32] . During this time, the subject was moved into the scanning room and made comfortable on the scanning table. Plasma glucose was either maintained at 5 mmol/l for the remainder of the study or reduced to 2.6 mmol/l prior to injection of the PET tracer (see below) and during the remainder of the study.
At the end of the study, insulin was discontinued and euglycaemia restored. The subject was given lunch and a modified dose of subcutaneous insulin. When plasma glucose was stable, all lines were removed and the subject was allowed home. Each subject was advised to monitor blood glucose carefully and warned of the risk of further hypoglycaemic episodes over the next 24-48 h.
Scanning protocol
Images were acquired using a CTI ECAT 951R scanner, axial field view 10.8 cm, in-plane spatial resolution 6.5 mm (CTI/Siemens, Knoxville, TN, USA). The subject's head was aligned axially to the orbitomeatal line and secured with a restraining strap. The head position was monitored using a laser grid. Sensory disturbance was standardised by studying subjects with their eyes shut and in background scanner noise. Prior to injection of tracer, a 2-min transmission scan was performed to confirm correct positioning, followed by a 10-min transmission scan for photon attenuation correction. Once plasma glucose had reached the target level, a single dose of 131±40 MBq of [ 11 C]-3-Omethyl glucose diluted up to 10 ml with normal saline was injected over 10 s through the venous line and flushed with 10 ml of normal saline. The time lag between achieving the target hypoglycaemia and tracer injection was 12 min 5 s±15 min 20 s, with no significant differences between the aware and unaware. Dynamic scanning was started 10 s prior to injection of the tracer, taking 60 frames over 60 min, initially at 2-s frames, increasing to 300-s frames. Continuous online blood sampling to detect tracer levels in arterial blood was started 1 min prior to tracer injection at a rate of 5 ml/min for 15 min, then 2 ml/min for a further 15 min (IVAC 572 peristaltic pump; Eli Lilly, San Diego, CA, USA) using blood drawn through a BGO Crystal Fluid Analyser (Allogg, Stockholm, Sweden). Timed 2-ml handdrawn arterial blood samples were taken every 5 min for cross-calibration of the fluid analyser with a well counter calibrated to the scanner and also for measurement of plasma glucose concentrations. The fluid analyser data and the timed blood samples were used to derive an arterial plasma input function for each study. PET images were reconstructed by filtered back-projection and smoothed with a Hanning 0.5 filter, resulting in a spatial resolution of 8.5 mm full width at half maximum transaxially and axially. Reconstructed images were displayed in a 128×128×31 voxel format, each voxel measuring 2.0×2.0×3.37 mm. CMG production [ 11 C]-3-O-Methyl glucose was synthesised by methylation of the diacetone-D-glucose potassium salt (precursor) with [ 11 C]-methyl iodide using the fully automated SYNTHIA system [33] . Briefly, 7 mg of the precursor in 300 μl acetonitrile was reacted at 70°C for 5 min. After methylation, the product was transferred to the rotary evaporator in SYNTHIA and evaporated to dryness. The residue was resolubilised in 2 ml of 1 mol/l HCl and hydrolysed at 120°C for 12 min. The acid solution was transferred to an ion retardation column containing AG11A8 resin and subsequently eluted through three C-18 SepPaks. The resin and C-18 SepPaks were flushed with 6 ml sterile water and the product passed through a 0.22 μm filter. The product was analysed using reversed-phase HPLC with online UV and radioactivity detection. [ 11 C]-3-O-Methyl glucose was synthesised with a radiochemical purity >95%.
Biochemical analyses
Plasma glucose was measured using a glucose oxidasetechnique (Yellow Springs Instruments, Yellow Springs, OH, USA). Catecholamines were measured using highpressure liquid chromatography with electrochemical detection [34] . Plasma insulin, cortisol and growth hormone were measured by radioimmunoassay (Diagnostic Systems Laboratories, London, UK) with inter-and intra-assay variabilities of <10% for all.
Image analysis: calculation of whole-brain glucose transport, content and metabolism
The rates of glucose transport from brain capillaries to brain tissue were calculated using a standard two-compartment model of CMG kinetics, where one compartment represents CMG concentration in the capillaries and the other the concentration in brain tissue [35, 36] . The transport process is saturable, with substrate flowing both ways between compartments, and can be described by Michaelis-Menten enzyme kinetics [37] . The transport rates K 1 and k 2 , into and out of brain tissue respectively, were calculated by obtaining the parameters of a fit of the brain and blood time-activity curves to the two-compartment model. Non-linear fits based on the LevenbergMarquardt method were performed using the Compartment Model Kinetic Analysis Tool (COMKAT) [38] .
Whole-brain analysis was performed as follows. The activity in all brain image slices was averaged, after application of a 50% threshold to exclude non-cerebral activity, resulting in a single activity-time curve. The CMG concentration in the capillary plasma, C p , was obtained from the arterial blood samples. Total activity in the brain represents the brain tissue compartment C b plus a small contribution (∼5%) from brain capillaries. This contribution is equal to a fraction, f v , of the concentration in the whole arterial blood, C a . According to the two-compartment model, the brain time-activity curve, C PET (t), can therefore be described by the following equation [30] :
The parameters proved to be stable with respect to the starting values used in the fitting algorithm and the fits of the model to the data were good (p<0.001, F(2,57)>3000).
As transport rates for CMG are proportional to those of D-glucose, Michaelis-Menten kinetics can be applied to derive brain glucose concentration, M e , and cerebral metabolic rate for glucose, CMRglc [35] .
C a,G represents the measured arterial glucose concentration, K t is the Michaelis-Menten constant (the concentration at which the flux is half the saturation value) and S is the volume of distribution. S was assumed to be 0.77 ml/g [29] . The mean value of K t =4.05, as collated by Gruetter et al., was used [39] .
Statistical analysis
All results are given as mean±SD. The baseline characteristics of the subject groups were compared using an unpaired Student's t-test. SPSS 11 (SPSS, Woking, UK) was used for group and condition analysis by repeatedmeasures ANOVA. For the primary hypothesis (differences in CMRglc by group and condition), values of p<0.05 were considered significant. For additional comparisons, the threshold for significance was adjusted for multiple comparisons. During the scanning of one aware subject there Standard deviations c p-values for F scores was a failure of the fluid analyser, requiring hand-timed samples to be taken, and global quantitative data could not be obtained from this subject, who was excluded from regional and qualitative analyses.
Regional brain CMG uptake
Regional differences in brain CMG uptake between groups and conditions were identified using statistical parametric mapping (SPM2; available from http://www.fil.ion.ucl.ac. uk). PET images were transformed into standardised anatomical space by linear and non-linear transformation to the standard Montreal Neurological Institute (MNI) template to allow interparticipant averaging and comparison. Smoothing was performed on all scans using an isotropic Gaussian kernel of 20 mm in order to allow for differences in gyral anatomy between individuals and to increase signal to noise ratios [40, 41] , and search volume was restricted to grey matter regions using the MNI template provided. Figure 3 , the tracer uptake from one subject, confirms that uptake was primarily in grey matter. The effect of interindividual variance in scans resulting from differing injected doses and cerebral distribution was removed using proportional weighting. The analysis was conducted by definition of the appropriate linear contrasts within a group by condition design matrix. Comparisons of group, condition and their interaction were made by definition of the appropriate linear contrasts. Clusters of more than 100 voxels that survived a threshold peak Z score of >3.09 (p<0.001) were considered to show a significant difference, and lower thresholds were employed to exclude type 2 (false-negative) errors.
Results
Glucose, insulin, hypoglycaemia awareness and hormone responses
During the 2-week monitoring period, more than 95% of the requested home blood tests were recorded in both groups. All subjects in the aware group were aware of all episodes of blood glucose <3.5 mmol/l. The unaware group recorded more frequent hypoglycaemia and were aware of very few of these (Table 1 ). Apart from their hypoglycaemia experience, however, the groups were not significantly different in terms of age, duration of diabetes or HbA 1 c. During the clamps, steady-state free insulin levels were 58±24 and 69± 38 mU/l (p=NS) during euglycaemic and hypoglycaemic All the aware subjects correctly identified each study as eu-or hypoglycaemic, reported symptoms of hypoglycaemia and were observed to sweat by two observers during the hypoglycaemic clamps only. In contrast, the members of the unaware group were unsure or unaware of the hypoglycaemic study, reported no hypoglycaemic symptoms and were observed not to sweat.
Adrenaline, noradrenaline, growth hormone and cortisol levels were not different between groups during the run-in or at euglycaemia ( Table 2 ). All four hormones showed a significant rise during hypoglycaemia. Differences between the two patient groups did not achieve statistical significance.
Whole-brain glucose content, glucose transport and CMRglc
Whole-brain glucose content fell significantly in both groups (p=0.0002 compared with the threshold of significance with four independent null hypotheses, 0.0127) between euglycaemia and hypoglycaemia (aware, 1.18± 0.45 to 0.02±0.2 mmol/l; unaware, 1.07±0.46 to 0.19± 0.23 mmol/l), with no significant difference between groups ( Fig. 1) (Table 3 ). Brain glucose transport parameters were not significantly different within or between the groups at euglycaemia or hypoglycaemia (Table 3 ). In contrast, a significant group by condition interaction was observed in whole-brain CMRglc, with a rise in the aware group (11.839±2.432 to 13 ; p=0.02) (Fig. 2) . No significant correlations between neuroendocrine response and CMRglc were observed for adrenaline (r=0.0005, p=0.998), noradrenaline (r=0.17, p=0.44), growth hormone (r=−0.10, p=0.68) or cortisol (r=−0.12, p=0.59).
Regional analyses
Representative axial images of CMG uptake summed over all time frames are shown in Fig. 3 , which shows that tracer uptake was primarily in grey matter. SPM analysis high- (Fig. 4) . One prefrontal cortical region showed relatively increased uptake for both groups during hypoglycaemia. This included Brodmann area 10 in the right dorsolateral prefrontal cortex (Talairach coordinates of maximal effect, x, y and z=24, 30, 48 respectively, corrected [p<0.001, Z=3.84] and a cluster size of 227). At a lower height threshold of p<0.05, which provides improved type 2 error control, this region was revealed to extend bilaterally to the left dorsolateral prefrontal cortex across midline frontal regions, including the anterior cingulate gyrus (Brodmann area 32; Fig. 4, top) . Finally, a region encompassing the midline occipital cortex and cerebellar vermis showed relatively decreased CMG uptake in both groups during hypoglycaemia (Brodmann area 17; Talairach coordinates of maximal effect, x, y and z=4, −96, 4 respectively, corrected [p<0.001, Z=3.89], cluster size 127) (Fig. 4, bottom) . Group×condition interaction contrasts failed to reveal any suprathreshold regional effects.
Discussion
We used CMG PET to investigate changes in global and regional brain glucose metabolism between euglycaemia and hypoglycaemia in aware and unaware diabetic subjects. Our major positive findings are a decrease in global brain glucose content with hypoglycaemia in both groups of subjects and a difference in the change in brain glucose metabolic rate with hypoglycaemia between the aware and unaware.
The demonstration of a significant fall in global brain glucose content during acute moderate hypoglycaemia in men with type 1 diabetes mellitus is novel and presumably reflects depletion of neuronal-glial glucose under conditions of restricted glucose. This finding is logical and serves to validate the methodology of our study.
The lack of a difference in global brain glucose content between the subjects with and without awareness of hypoglycaemia (both by history and during the hypoglycaemia of the study) was unexpected, in view of animal data suggesting upregulation of glucose transporters in models of recurrent hypoglycaemia [17, 18] and the studies of hypoglycaemia-accustomed human subjects in whom brain glucose uptake at hypoglycaemia was calculated from arteriovenous differences and blood flow [19, 20] . In the present study, we also found no differences in the rate constants for tracer inflow (K 1 ) and outflow (k 2 ) with respect to group (aware or unaware), condition (euglycaemia or hypoglycaemia) or in the interaction between group and condition. We noted high variability in k 2 (rate constant for glucose outflow) between individuals, as previously reported [35] . Our study is small and a type 2 error is possible, reflecting the relatively low signal-to-noise ratio in the data when regional analysis is employed in comparison with FDG. However, power calculations suggest we should have detected any difference greater than 15% between the two groups in K 1 /k 2 ratio measures in the present study, and our data are supported by an earlier PET study which failed to find any change in brain glucose transport rates in a human model of hypoglycaemia unawareness [23] . Thus, if upregulation of glucose transport does occur its net global effect should be less than this. Furthermore, our data are consistent with: (1) earlier PET studies using FDG which failed to find any evidence for upregulation of glucose uptake in hypoglycaemia-accustomed and -unaware diabetic subjects, either basally [24] Fig. 4 Statistical parametric mapping results registered to an averaged T1 magnetic resonance image. The orange colour (a) indicates a statistically significant increase. Blue (b) indicates a statistically significant decrease in tracer uptake, relative to wholebrain values, between euglycaemia and hypoglycaemia (all subjects, n=6 in each group) at a threshold of p<0.05. Increased tracer uptake is shown in a contiguous region involving Brodmann area 10 (an area which survived analysis at p=0.001 and minimum cluster size of 100 voxels; data not shown) and anterior cingulate cortex. Decreased tracer uptake is shown in a contiguous region involving Brodmann area 17 and cerebellar vermis or at modest hypoglycaemia [25] ; (2) the negative study in hypoglycaemia-naive and hypoglycaemia-accustomed healthy volunteers using 11 C PET [23] ; and (3) data failing to find downregulation of glucose transport in poorly controlled diabetes [42, 43] . All these data support an explanation for unawareness that is not dependent on upregulation of neuronal glucose uptake, such as increased efficiency of use of non-glucose metabolic fuels.
The major difference between our groups was in the changes in global metabolic rate for glucose with hypoglycaemia, with a relative rise from the rate at euglycaemia in the aware subjects and a relative fall in the unaware, the difference between the responses of the two groups being significant (p<0.043). These data represent a significant extension of: (1) our earlier FDG study, in which we were unable to measure the effect of hypoglycaemia on the above parameters due to the limitations of FDG kinetic modelling [24] ; and (2) the PET study of Segel et al., in which brain glucose metabolic parameters were measured at a plasma glucose of 3.6 mmol/l, at which level neither hypoglycaemia-accustomed or -unaccustomed subjects would experience symptoms [23] . These data offer a potential new insight into the phenomenon of unawareness. The lack of evidence in our data for relative preservation of brain glucose content or metabolism in the unaware group is consistent with the lack of protection for cortical function during hypoglycaemia in hypoglycaemia unawareness [1] , but does not explain why the onset of neuroendocrine and symptom responses is delayed [1, 21, 22] or the modest preservation of some cortical functions seen in some studies [e.g. 22] . In contrast, the differential response of CMRglc to hypoglycaemia seen in the present data offer a different explanation for the lack of awareness in the unaware group. In PET studies of this nature, a rise in CMRglc reflects neuronal activation [44] . The observed rise in CMRglc in the aware group with hypoglycaemia relative to the unaware can therefore be interpreted as a measurable activation of the cerebral cortices, underlying the generation and perception of subjective awareness. Such an interpretation uses classical functional imaging concepts, in that activation of neurones is implied by the demonstration of increased perfusion or, as in this case, metabolism in the relevant brain area. A similar pattern of cerebral response is reported in studies examining levels of emotional arousal and awareness [44] . The lack of increase in CMRglc with hypoglycaemia in the unaware subjects is interpretable as a failure of neuronal activation with hypoglycaemia in that group. These data suggest that functional changes in cortical activation underlie the loss of awareness of hypoglycaemia, rather than a simple change in the metabolic capacity of the cortical neurones. Our measures of symptoms during the scans were not sufficiently robust for us to attempt a direct correlation between change in cortical CMRglc and symptom intensity; further studies may attempt this.
The difference between hormonal responses, especially adrenaline, between the aware and unaware diabetic subjects was less marked than in previous studies of this nature and may suggest that our unaware patient group was not typical of the syndrome. This is unlikely, as the subjects were characterised prospectively by established criteria [1, 31] , and characterisation was confirmed at the time of study by the total absence of subjective recognition of hypoglycaemia and sweating during hypoglycaemic clamps in the unaware subjects, with 100% correct identification of hypoglycaemia and observed sweating by the aware subjects. The differences in subjective responses to the study hypoglycaemia also rules out the possibility of a major effect of any coincidental hypoglycaemia in the week before the study in the aware group, although, in contrast, the deliberate avoidance of hypoglycaemia the night prior to study in our protocol will have worked against us in possibly reducing the normal hypoglycaemia exposure of the unaware. The significant association of CMRglc with the absence of subjective awareness offers further support for the correct classification of our patients. That adrenergic activation during hypoglycaemia to some degree occurred in both groups is evidenced by the regional relative increase in CMG glucose uptake found by SPM analysis to extend to the anterior cingulate in both groups, as this brain region is associated with autonomic activation [45] . Because our analysis corrects for global differences between scans prior to seeking regional differences, we cannot identify whether neuronal activation in the anterior cingulate was relatively attenuated in the unaware group, although the global CMRglc data would be consistent with this hypothesis. A larger study may be needed to investigate regional differences in brain activation associated with significant differences in the hormonal responses to hypoglycaemia. Furthermore, the scanning procedures may provide a background state of arousal that makes it more difficult to detect differences in the adrenaline responses to hypoglycaemia between groups. However, our data are consistent with other studies in which hormonal responses and awareness have not been concordant and provide further evidence that adrenaline responses per se do not define hypoglycaemia unawareness [e.g. 46, 47] .
Our regional analyses described increased relative CMG uptake in Brodmann area 10 during hypoglycaemia in both groups. This regional increase survived high type 1 error control and, with improved type 2 error control, extended bilaterally and to the midline anterior cingulate as a contiguous region. We interpret this regional increase in uptake to reflect activation of brain regions concerned with the monitoring of internal state, as has recently been identified in regional cerebral blood flow studies of hypoglycaemia which identify strong and unequivocal activation in the anterior cingulate cortex [48] . While the dorsolateral prefrontal cortex is concerned with working memory processing and engages in a variety of working memory tasks [49] , attention and working memory are cerebral functions susceptible to impairment during hypoglycaemia [50] . The increase in relative CMG uptake in this region is puzzling, but may reflect diversion of processing resources to the monitoring of internal state from conscious working memory processes. The reduction in relative CMG uptake identified in regions of occipital cortex and cerebellum probably reflects deactivation of these regions during hypoglycaemia. The occipital cortical region is centred on the striate visual cortex, con-cerned with primary visual processing, and colour vision and visual discrimination are known to be impaired during hypoglycaemia [51] . Similarly, impairment in function of the cerebellar vermis may lead to decrement, not only in motor function and coordination, but in cognitive, predominantly executive, processes [52] .
In conclusion, CMG PET reliably measures whole-brain glucose content and metabolism, showing a fall in global brain glucose content during hypoglycaemia in man. We have identified differences in glucose handling in brain regions associated with visual processing, coordination, working memory, attention and autonomic function during hypoglycaemia in both hypoglycaemia-aware and -unaware diabetic patients, all functions known to be affected by hypoglycaemia. We have demonstrated global neuronal activation at hypoglycaemia in hypoglycaemia-aware patients, a response absent in the unaware, suggesting that cortical activation is a necessary correlate of the state of hypoglycaemia awareness. These findings fit with clinical presentations of acute hypoglycaemia and are worthy of further investigation.
